Introduction
The ethanol production from lignocellulosic raw materials (2nd generation ethanol) is considered a promising strategy to increase the worldwide production of this biofuel without affecting the food provision. Therefore, great efforts have been directed in the last years to make feasible the ethanol production from these raw materials [1] . One of the main problems to be overcome in the industrial implementation of this production system is that during the pretreatment of the lignocellulosic materials to obtain sugar rich hydrolysates, several compounds that are toxic for the microbial metabolism are also released to the hydrolysates due to the use of high temperatures and chemicals (acids, bases, organic solvents, etc.) [2] . As a consequence, fermentation of sugar rich hydrolysates containing these inhibitory compounds is characterized by low ethanol yield and productivity [3] . Submitting the hydrolysate to a detoxification step prior to its use as fermentation medium has been proposed as an alternative to improve the fermentation results. However, this technology may require large investments, and the sugar losses may be significant according to the detoxification method used [2] . The yeast adaptation to the inhibitory compounds present in the hydrolysates could be an alternative to overcome this toxicity problem. Some studies have demonstrated that during the ethanol production from lignocellulosic feedstocks, the yeast Saccharomyces cerevisiae is able to convert several inhibitors to less-toxic derivatives at the cost of an extended lag phase and reduced ethanol productivity [4, 5] . Cell adaptation has been suggested as being able to increase the inhibitor conversion rate, improving ethanol production [6] . Lignocellulose-derived inhibitors comprise several compounds that trigger a complex stress-related response in S. cerevisiae, involving interaction of several pathways and expression of genes with multiple functions [7] . Genetic engineering approaches for obtaining a inhibitor-tolerant yeast strain can have uncertain results in an industrial setting with wide-ranging inhibitor concentrations; for bioethanol production, directed-evolution techniques (which rely on selection pressure and spontaneous or induced mutations to obtain strains with augmented traits) could be more advantageous [8, 9] .
An attractive variant for high cell density bioethanol production is self-immobilization or flocculation. Flocculating strains of S. cerevisiae have been used commercially in brewing since the 1980s, as the flocculation step improves the separation of beer and reduces the cost of the process [10] . Flocculation expression is controlled by the FLO gene group, and depends on the FLO-mediated protein expression of membrane-type lectins, called flocculins, which bind to mannose residues present in the cell walls of cells [11, 12] . Non-flocculating S. cerevisiae strains express the flocculent character under environmental stress conditions such as high ethanol levels, substrate depletion, and pH changes, and may develop strains that flocculate constitutively [13, 14] . Up to date, two flocculation phenotypes (FloI and NewFlo) have been described in industrial strains, which differ in sensitivity to the culture conditions: the FloI phenotype is more stable to factors such as temperature, pH, and presence of sugars in the culture medium, while the NewFlo phenotype is more sensitive to external conditions [15] .
Flocculating yeasts are easily separated from the fermented broth, since the floc size is dependent of hydrodynamic conditions; in turn, floc size influences tolerance to chemical stresses and nutrient availability [16] [17] [18] . Thus, the manipulation of hydrodynamic conditions by the agitation speed in a stirred tank reactor can be used as a technique for replacing centrifugation of the broth, facilitating biomass retention in reactors, and modulating nutrient availability and resistance towards outside inhibitors for bioethanol production [19] [20] [21] .
Based on the above-described considerations, the present study evaluated the adaptation of a flocculent strain of S. cerevisiae (NRRL Y-265) to inhibitory compounds present in lignocellulosic hydrolysates. Experimental assays were performed under conditions of cell recycle batch fermentation (CRBF), in which the flocculating ability of the yeast was used for the cells separation and use in the subsequent batch cultures. This fermentation technique is used in this work as an alternative to other directed-evolution approaches, such as sequential batches or growth in solid media [8] . The yeast was cultivated in five different fermentation media containing sequentially increased concentration of inhibitory compounds, aiming to obtain a strain suitable for use on ethanol production from lignocellulosic materials by conventional fermentation methods.
Materials and methods

Microorganism and inoculum
S. cerevisiae NRRL Y-265 (FloI phenotype) was the yeast strain used in the experiments. Cultures of this yeast were maintained at 4°C in Petri dishes containing YM-agar medium with the following composition (g/L): glucose (10), peptone (5), yeast extract (3) malt extract (3) , and agar (20) . To be used in the fermentation assays, one colony was recovered from the maintenance plate, cultivated in a new YM-agar medium at 30°C during 48 h, and then one colony was inoculated in 250-mL Erlenmeyer flasks containing 50 mL of YM medium, which were maintained in an orbital shaker at 30°C and 200 rpm, for 24 h. After this time, the obtained inoculum was recovered and used in the fermentation assays. For liquid flask cultures, a constant inoculum volume was used (10%).
Fermentation media
Fermentation media simulating the composition of lignocellulosic hydrolysates but with increasing concentration of inhibitor compounds were used for adaptation of the yeast strain. The base medium contained (g/L): glucose (25) , yeast extract (1), KH 2 PO 4 (1), (NH 4 ) 2 SO 4 (0.4), and MgSO 4 Â 7H 2 O (0.08), and was based in a medium reported for bioethanol production with flocculating yeast [22] , but diluted 5-fold to lessen glucose repression and ethanol production during adaptation. This medium was supplemented with six inhibitory compounds commonly found in lignocellulosic hydrolysates: acetic acid, furfural, hydroxymethylfurfural (HMF), vanillin, syringaldehyde, and hydroxybenzoic acid. Five variations of this medium were made by increasing the concentration of all the six inhibitors in equal step changes ( Table 1 ). The most concentrated medium (E) contained the inhibitory compounds in concentrations similar to those found in wood hemicellulosic hydrolysate [23] .
Cell recycle batch fermentation (CRBF) for the yeast adaptation
Fermentation assays for the yeast adaptation was performed in a 1.6-L stirred tank bioreactor (Autoclavable Benchtop Fermenter Type R'ALF, Bioengineering AG, Wald, Switzerland) equipped with two Rushton turbines, pH and temperature control. A large -diameter (5 mm) sampling port was used for biomass and glucose samples. To be used in the experiments, the reactor was previously sterilized at 121°C for 30 min. All the fermentation runs were maintained at 30°C, 200 rpm, with microaeration of 0.06 vvm. A working volume of 600 mL was used in each assay, and the pH of the media was controlled to 4.3 by addition of NaOH or HCl.
The yeast adaptation was initiated by adding 60 mL of inoculum (Section 2.1) in 540 mL of culture medium A, for an initial biomass concentration of 0.1 g/L. The batch was maintained until more than 90% of the initial glucose was consumed. Then, the agitation was stopped for 15 min to allow the biomass flocculation and the fermented broth separation. The fermented broth (540 mL) was removed from the vessel by pumping it out through the outlet pipe, taking care to not disturb the biomass at the bottom of the reactor. A volume of 60 mL of the fermented broth was maintained inside the reactor to be used as inoculum for the subsequent batch. Then, 540 mL of sterile medium A was loaded again to the reactor and the agitation was resumed when the loading ended, marking the start of a new batch. Duplicate samples were taken every 8-12 h for biomass and glucose measurement, accounting to 2-3 samples per batch. Each batch lasted 24 h approximately, and media replacement was made every day within a time interval of 2-3 h, reducing the possibility of starvation periods.
At least four successive batches were made to each fermentation medium prior to change to the following medium with increased inhibitor levels. Adaptation was monitored by calculating the specific maximum glucose consumption rate of each batch, measured at 10% or less of the initial glucose remaining in the reactor. After the CRBF adaptation, the obtained strain (Y-265A3) was cultivated on YM agar plates supplemented with 1 g/L furfural and 4 g/L acetic acid for maintenance and further evaluation, since culture in synthetic inhibitor-containing solid medium (E medium) proved unfeasible.
Adapted strain evaluation
The performance of the adapted and parent strains was compared by cultivation in the fermentation media C, D and E, and also by cultivation in a hydrolysate medium obtained from the liquid fraction of steam-exploded eucalyptus chips at 196°C for 9.5 min. Since glucose content in the hydrolysate-derived liquor was very low (0.24 g/L) for ethanol production, it was supplemented with this carbon source to attain 110 g/L of glucose, and was also enriched with the nutrients (g/L): yeast extract (1), KH 2 PO 4 (5), (NH 4 ) 2 SO 4 (2), and MgSO 4 Â 7H 2 O (0.4), to obtain an ethanol production medium [22] .
Fermentation runs were carried out in 250-mL Erlenmeyer flasks containing 50 mL medium (media C, D, and E), and in 500-mL Erlenmeyer flasks containing 200 mL medium (hydrolysate medium), in an orbital shaker at 200 rpm, 30°C for 48 h or 100 h, respectively. The adapted strain was inoculated using the same procedure indicated in Section 2.1.
Analytical techniques
For CRBF adaptation and strain verification in synthetic media, biomass, glucose and ethanol concentrations were estimated spectrophotometrically using a 96-well microplate reader (Biotech Synergy HT). Biomass samples (20 mL in bioreactor, 1 mL flasks) were taken with a micropipette equipped with a large-opened cut tip, and then deflocculated by stirring vigorously with the addition of EDTA 75 mM at 1:1 volume. Then, the cell suspension was diluted with tap water, and the absorbance at 620 nm was determined. The biomass concentration was calculated through a dry mass calibration curve obtained from cells cultivated in liquid culture as previously described (Section 2.1). Glucose concentration was determined by the DNS method [24] , and the ethanol concentration by using an enzymatic kit (Boehringer Ethanol Test Kit, R-Biopharm). Both methods were adapted for use in 96-well microplates (final volume 0.3 mL). All samples were analyzed in duplicates.
Samples taken from the strain verification in hydrolysate liquor were analyzed by HPLC using a BioRad Aminex HPX-87H column. Glucose, ethanol, and acetic acid concentrations were measured with a refractive index detector, at 45°C, and 5 mM H 2 SO 4 as eluent in a flow rate of 0.6 mL/min. Furfural, HMF and syringaldehyde were measured with a UV detector at 210 nm, 65°C, and a mixture of 90:10 5 mM H 2 SO 4 :acetonitrile as eluent in a flow rate of 0.6 mL/ min.
Results and discussion
Yeast adaptation
The yeast cultivation by CRBF was carried for 39 days, during which 38 batches were completed (Fig. 1) . Each batch consumed more than 90% glucose, and almost all of them did have less than 1 g/L remaining at the end. The biomass content in the reactor increased steadily in the first eight batches (media A and B), reaching approx. 3 g/L. Batches in medium C presented unstable biomass measurements, and biomass growth stopped almost entirely in batches carried out in media D and E, causing a decrease in biomass concentration as each batch removed non-flocculated biomass. In medium E, each batch started and ended with approx. 2 g/L of biomass, resulting in a near-zero growth rate (acknowledging data spread). However, glucose continued to be consumed (Fig. 2) . After seven batches in medium E, the culture was reverted to medium C to allow biomass growth under less stressful conditions. The adaptation protocol was resumed, changing to media D and E after four successive batches in each medium. Biomass concentration increased slightly in the last batches made in medium D, but descended in subsequent batches in medium E. Glucose exhibited high variability, probably due to dilution by broth exchange, detection of additional reducing carbohydrates in the medium and possible interference by EDTA on DNS method.
Lignocellulosic inhibitory compounds exert different effects over cellular metabolism, due to present different mechanisms of inhibition. Furfural, for example, which is one of the main inhibitory compounds in lignocellulosic hydrolysates, has been reported to reduce cell growth in S. cerevisiae, but metabolic activity is less affected [5] . This could explain the reduction observed in cell growth while the glucose consumption was maintained.
Average specific glucose consumption rates increased during the CRBF adaptation (Fig. 2) , changing from 0.51 ± 0.14 g/g h in the first batches on medium B, to 0.79 ± 0.11 g/g h in the last stage of adaptation on medium E. Although ethanol was not measured during the CRBF adaptation, an increase in glucose consumption rate could be related to a more tolerant strain, since glucose consumption rate is negatively affected by inhibitors [25] .
Evaluation of the adapted strain
To evaluate the ability of the new strain (designated as Y-265A3) for ethanol production, batch cultures of the adapted and original strains were firstly performed in the formulated media C Table 1 Concentration of inhibitory compounds in the fermentation media used for adaptation of the yeast Saccharomyces cerevisiae.
Inhibitor compound Concentration in the fermentation medium (g/L)
A and D. Fig. 3 shows the glucose consumption and biomass growth for both strains. At moderate inhibitor levels (medium C), both control and adapted strains had similar behaviors, achieving ethanol yields of 0.3 and 0.29 g/g glucose respectively (60% and 56% of the maximum theoretical value), and similar volumetric productivities and growth rates ( Table 2) . At moderately high inhibitor levels (medium D), however, a marked increase on ethanol production was verified for the adapted strain (Y-265A3), with an ethanol volumetric productivity of 0.13 g/L h after 49 h, which was 50% higher than that achieved by the non-adapted strain. Ethanol yield was also higher for the adapted strain. On the other hand, the biomass growth rate was very low for both strains, probably due to the high inhibitor level. When the strains were cultivated in medium E, there was a small amount of glucose consumption, but no significant growth even after 48 h of cultivation (data not shown), indicating that for a critical inhibitor level, growth rate is reduced to near zero. Glycerol, CO 2 and other metabolic byproducts were not measured in these experiments, so carbon balances could not be made with enough certainty. In the case of batch culture made in medium C (0.3 g/g ethanol yield) it is possible that the higher glycerol production could have explained the low theoretical ethanol yield.
To further evaluate the performance of the adapted strain for ethanol production, the above experience was repeated but changing the fermentation media C and D to a steam-exploded eucalyptus hydrolysate, supplemented with glucose and nutrient sources (Fig. 4) . When compared to the previous experiments, it was observed an extension of the lag phase (almost twice bigger) for both strains in hydrolysate medium, this phase being slightly smaller for the Y-265A3 strain. Growth rate and ethanol productivity were higher for the adapted strain (70% and 10%, respectively) but glucose was not completely metabolized and there was no difference in ethanol yield (Table 3) . Since the concentration of inhibitory compounds in the hydrolysate medium was similar to that used in the formulation of medium C (Fig. 5) , except that it contained lower levels of vanillin (<0.05 g/L) and hydroxybenzoic acid (trace), the increased lag phase, residual glucose and lower growth rate observed when the yeasts were cultivated in this medium suggest the presence of other inhibitor compounds in the hydrolysate, which were not evaluated in the present study. In fact, although acetic acid, furfural, HMF, vanillin, syringaldehyde, and hydroxybenzoic acid are the inhibitory compounds most commonly found in lignocellulosic hydrolysates, a variety of other inhibitors may also be present in this medium according to the acid concentration, temperature and other conditions used for hydrolysis, and such compounds may also affect the metabolism of the microorganism used for fermentation [2] , specially when batch fermentations did not have pH control or buffer. Interestingly, the ethanol yield obtained in the hydrolysate was higher than the attained in C medium. As a general rule, higher inhibitor concentration means increased lag time and decreased biomass ethanol concentration, leading to lower ethanol productivity. However, it has been cited that presence of acetic acid (c. 3 g/L) actually increases ethanol yield due to decreased glycerol and biomass yield [26] .
It is important to emphasize that the adapted strain also showed an increased transformation rate for furfural, HMF and syringaldehyde, reaching basal levels of these inhibitors between 20 and 40 h earlier than the parent strain (Fig. 5) . Acetic acid was not transformed over the course of the batch cultures. Similar profiles for these inhibitors and increased transformation rates for adapted strains have been reported [27, 28] . Generally speaking, an adapted strain could have a higher growth rate in the presence of inhibitors. However, since furfural and HMF exert action over the lag phase of batch growth, an adapted strain might have attained, through directed evolution, a speedier biotransformation of inhibitors during lag phase (Fig. 5A) , maintaining similar growth rate than the parent strain. An improved biotransformation rate is crucial for in situ detoxification of lignocellulosic hydrolysates, replacing expensive detoxification steps in bioethanol production. Thus, the adapted strain can be considered suitable for bioethanol production.
Flocculating yeasts have been shown to be more resilient to environmental stresses (including lignocellulosic inhibitors) than non-flocculating yeast strains [19] . Their low growth rates could be related to the flocculating character, since the expression of flocculence in yeast cells results in marked differences in the overall genetic profile between flocculent and non-flocculent strains [29] . Low growth rates can also be found in flocculent yeast cultures due to mass-transfer limitations arising from glucose diffusivity inside the floc [30] ; floc size can also affect growth rate and ethanol tolerance [18] . A diminished growth rate could hinder a successful adaptation to inhibitors but under the stirring conditions used in the experiment, biomass present as yeast flocs is subject to a dynamic process, involving floc formation and breakage during batch growth; flocculin-expressing (flocculating) cells are present in suspended single-cell form due to hydrodynamic stresses, low surface hydrophobicity and floc breakage by CO 2 buildup [31] . Thus, during batch growth, suspended flocculin-expressing yeast can divide and adapt to inhibitors present in the medium. As non-flocculating cells are removed at the end of each batch, only the flocculating yeast population that was able to grow in the inhibitor-containing medium is retained in the bioreactor. During enough batch cycles, a sufficient amount of genetic changes arising from spontaneous mutations should buildup in the flocculating population. Nevertheless, the growth rate is of secondary importance for the ethanol yield and productivity. In the present study, although the ethanol yield for the adapted strain was not optimal (46% and 91% of the maximum theoretical value in medium C and hydrolysate, respectively), the successful adaptation of the yeast in formulated culture media open up new possibilities for future research works.
Evolutionary engineering techniques such as used in this work have been used to create new strains adapted to lignocellulosic inhibitors. For example, Martín et al. [32] used a continuous culture with increased concentrations of sugarcane bagasse hydrolysate to obtain a S. cerevisiae strain with improved specific ethanol productivity (2.55 vs. 1.15 g/g h at 50% hydrolysate); however, this strain also presented low biomass yield and decreased ethanol productivity on more inhibitory media. Keating et al. [33] generated a strain of S. cerevisiae T1 by adaptation through CRBF in media supplemented with furfural, HMF and acetic acid, and observed that the tolerance and culture parameters were also dose-dependent. Liu et al. [6, 34] engineered several S. cerevisiae clones for furfural and HMF tolerance, and obtained an adapted strain with better capacity for in situ detoxification of these inhibitors. In the present study, the obtained strain (Y265-A3) showed a reduced lag phase and a higher biotransformation rate compared to the parent strain in inhibitor-containing media. As batch lag time directly affects volumetric ethanol productivity, the adapted strain should be better for bioethanol production. Also, it is necessary to point out that this study presents results from only one CRBF culture. Strains obtained by adaptive evolution, while can converge to similar phenotypes, have different gene expression patterns due to random mutations during the adaptation [35] , thus diminishing the usability of repeats for these cultures. To the best of our knowledge, the present study is the first report about evolutionary-engineered flocculating strains adapted to lignocellulosic inhibitors by means of a CRBF approach.
Conclusions
An adapted strain of the flocculating yeast S. cerevisiae NRRL Y-265 was obtained through adaptation by cell recycle batch fermentation. The exposure to increased levels of lignocellulosic inhibitors in fermentation media simulating lignocellulosic hydrolysates generated a tolerant strain after 39 days of successive batch culture, with ethanol productivity and yield increased by 50-60% in the presence of moderately high levels of inhibitors. When used in batch fermentation in the presence of inhibitors derived from steam-exploded eucalyptus, the adapted Y-265A3 strain showed higher ethanol productivity and growth rate, and higher transformation rates for furfural, HMF and syringaldehyde, when compared to the non-adapted strain, which can be considered an important advantage for bioethanol production.
